1. Coexistence of organisms in nature is more likely when phenotypic similarities of individuals are reduced. Despite the lack of similarity, distantly related taxa still compete intensely for shared resources. No larger difference between organisms that share a common prey could exist than between carnivorous plants and animals. However, few studies have considered inter-Kingdom competition among carnivorous plants and animals. 2. In order to evaluate interactions between a carnivorous plant (greater bladderwort, Utricularia vulgaris) and a vertebrate (bluegill, Lepomis macrochirus) on a shared prey (zooplankton), we conducted a mesocosm experiment. We deployed two levels of bladderwort presence (functional and crushed) and measured bluegill responses (survival and growth). 3. Zooplankton abundance was reduced the greatest in bluegill and functional bladderwort treatments. Bluegill survival did not differ among treatments, but growth was greatest with crushed bladderwort. Thus, bluegill growth was facilitated by reducing interference competition in the presence of crushed bladderwort. The facilitating effect was dampened, however, when functional bladderwort removed a shared prey. 4. To our knowledge, this is one of the first studies to experimentally demonstrate interactions between a carnivorous plant and a fish. Our data suggest that carnivorous plants may actively promote or reduce animal co-occurrence from some ecosystems via facilitation or competition.
Introduction
Understanding how species coexist in nature is a central tenet in ecology. Competition among organisms utilizing the same resources can lead to competitive exclusion, thereby reducing coexistence (Gause 1934; MacArthur & Levins 1967) . Therefore, organisms are more likely to coexist when similarities or overlaps in niche space are reduced (Vandermeer 1972) . Many ecological studies have found support for this concept; however, most studies focus on competitive interactions between organisms within the same taxonomic family or genus (Connell 1983; Schoener 1983; Gurevitch et al. 1992) . This is to be expected when vast amounts of theoretical and empirical data support the concept that closely related species are more likely to compete due to phenotypic similarities (Aarssen 1983; Abrams 1983) . Nevertheless, this indicates a potential bias in competition studies and identifies a potential gap in our knowledge on interspecific competition. Evidence does exist that distantly related taxa may compete and the strength of interactions can be quite strong (Brown & Davidson 1977; Schoener & Spiller 1987; Morin, Lawler & Johnson 1988; Jennings et al. 2010) . To date, fewer than seven studies have considered interspecific competition between organisms from different Kingdoms with only two involving animals (Jennings et al. 2010; Jennings, Krupa & Rohr 2016) .
No larger difference between organisms that share a common prey could exist than between carnivorous plants and animals. Due to their contradictory life-history, carnivorous plants have intrigued biologists for centuries (Darwin 1875; Ellison & Gotelli 2001 ). Generally, they occur in nutrient-poor habitats and consume insects to compensate and overcome limited nutrient availability (Juniper, Robins & Joel 1989) . Other organisms (i.e. animals) also occur in these nutrient-poor habitats and consume insects. Thus, the potential for higher order interactions exist across Kingdoms. For example, Jennings et al. (2010) found evidence for competition between pink sundews and wolf spiders with field census and experimental laboratory data. Spiders would construct larger webs further away from sundews in the field to avoid potential competitive impacts. In the laboratory, spiders were capable of reducing the number of flower stalks, flowers and seed production of sundews (Jennings et al. 2010) . Overall, this research suggests that plant-animal interactions beyond the traditional predator-prey philosophy could play a role in regulating ecological communities when nutrients are limited.
Within freshwater ecosystems, nutrients (phosphorus [P] and nitrogen [N]) can be limiting (Rabalais 2002; Elser et al. 2007 ). This limiting factor increases the potential for resource competition in freshwater ecosystems. Competition has been demonstrated across a wide number of taxa in freshwater ecosystems; however, competitive interactions among plants and animals have not. One particular species that can be locally abundant in nutrientpoor freshwater ecosystems is bladderwort (Utricularia). Aquatic bladderworts are sit-and-wait, generalist predators that have a hinged 'trap' capable of sucking in invertebrate prey (Juniper, Robins & Joel 1989) . Briefly, a hair is triggered and once the prey is inside the bladder, a variety of digestive enzymes are secreted to consume the prey item (Heslop-Harrison 1978; Kibriya & Iwan Jones 2007) . Traps can be reset after digesting prey (Englund & Harms 2001) or can be replaced (Friday 1989) . Bladderwort are effective predators of aquatic invertebrates (Havens 1991; Harms 1999; Harms & Johansson 2000) with up to half of the total N in U. vulgaris being derived from insects (Friday & Quarmby 1994) . However, the investment in carnivory is relative to the nutrients available within the ecosystem (Kibriya & Iwan Jones 2007) . Also within these ecosystems are planktivorous fish such as bluegill (Lepomis macrochirus). Bluegill, in particular smaller individuals, will consume a range of aquatic invertebrates for food, but zooplanktons can account for up to 90% of their diet in natural lakes (Keast 1970) . This leads to bluegill playing a significant role in regulating zooplankton communities (Werner 1977; Mittelbach 1981; Werner et al. 1983; Rettig 2003) . Bluegill often exhibit ontogenetic shifts in habitat use in accordance with body size and predation risk (Werner & Hall 1976 Mittelbach & Osenberg 1993) . Interestingly, this shift in habitat use causes smaller individuals to forage in the shallow littoral zones of wetlands and lakes where macrophytes and bladderwort are located (Werner et al. 1983) . Therefore, the potential for competition exists because zooplankton serve as a shared prey resource for both of these species and similar habitat use within wetlands and lakes.
To our knowledge, only three studies (two empirical from terrestrial ecosystems and one theoretical) have evaluated the potential competitive effects of carnivorous plants on animals (Jennings et al. 2010; Crowley, Hopper & Krupa 2013; Jennings, Krupa & Rohr 2016) . In order to evaluate the effects of bladderwort on a potential vertebrate competitor, we conducted a mesocosm experiment with the following four treatments: (i) zooplankton alone, (ii) bluegill and zooplankton, (iii) functional bladderwort, bluegill and zooplankton, and (iv) non-functional bladderwort (crushed bladders), bluegill and zooplankton. Based on previous work, we hypothesized that zooplankton abundance would be greatest in crushed bladderwort treatments due to potential facilitating effects of increased habitat complexity and reduced encounter rates with bluegill. In contrast, we hypothesized that zooplankton abundance would be lowest in fish-only treatments due to the foraging success of bluegill with reduced cover. We hypothesized that fish growth and survival would be greatest in the crushed bladderwort treatments because of reduced physical interactions with conspecifics and potentially more food resources.
Materials and methods
On 26 August 2015, 16 mesocosms (67Á3 9 47Á2 9 43Á4 cm) were filled with 75 L of tap water. Mesocosms were arranged into four spatial blocks on the campus of Southeast Missouri State University (SEMO). All spatial blocks were exposed to the same environmental conditions in an open area on campus. After 5 days, approximately 4 mL of dechlorinator was added to each mesocosm and left to settle for 5 days. Leaf litter, predominately beech (Fagus grandifolia) and oak (Quercus) leaves, was collected from the SEMO Kelso Wildlife Sanctuary on 3 September. Each mesocosm randomly received 48 g of the collected leaf litter on 4 September. In addition, the food web was completed with zooplankton inoculations that were taken from local wetlands in Scott County, MO. Each mesocosm was randomly assigned 500 mL of wetland water containing concentrated zooplankton on 9 September. All mesocosms were left uncovered and open to colonization throughout the duration of the experiment.
Bladderwort specimens were collected from wetlands in Union County, IL on 14 September. Specimens were transported together in coolers filled with wetland water back to the SEMO campus for processing. All unhealthy stolons (visible signs of degradation or wilting) were discarded. To determine the quantity of bladderwort to be added to each mesocosm, individual stolons were placed in a mesocosm to fully cover the surface. This simulates the densities found in local, natural wetlands where 80-95% cover of wetland surface is common (A. W. Riley and J. M. Davenport, unpublished data). Complete surface coverage was approximately 400 g of bladderwort ranging from three to five individual stolons (depending on the mass of individual stolons). Bladderwort groups were all then randomly assigned to either the functional or non-functional treatments. Functional treatments were fully intact individuals with operational bladders. Non-functional treatments were groups where bladders were crushed. Bladders were manually crushed with a kitchen rolling pin to prevent prey from being consumed. Previous work has indicated that bladderwort may have a facilitative effect on zooplankton survival (Harms 2002) . Due to the duration and timing of the experiment, bladders were less likely to be replaced before our experiment ended (Friday 1989 , J. M. Davenport and A. W. Riley, unpublished data) .
A total of 27 bluegill were collected from a wetland at Kelso Wildlife Sanctuary, Cape Girardeau County, MO on 17 September. All individuals were measured for total length (fork length) and initial mass. Three fish were randomly assigned to experimental treatments by size class (mean initial mass AE1 SE, 1Á098 AE 0Á044 g) to prevent bias. Within a mesocosm, each individual was given a unique tag with visual elastomer (Northwest Marine Technologies, Bainbridge Island, WA, USA). All tags were placed along the dorsal fin as reported in previous studies (Wilson & Godin 2009 ). After all fish and bladderwort were measured and assigned, we began the experiment on 22 September.
Each of the four experimental treatments was replicated four times in a spatial block. Due to unforeseen circumstances, a day after the experiment was initiated we found that 11 fish were dead. The fish were immediately replaced with similar-sized individuals with unique tags the following day and the experiment began. Removal of the replacement fish from growth analyses did not alter the results. Therefore, all fish were included in the growth analyses. After 29 days, the experiment was terminated. All surviving bluegill were removed and measured for final fork length and mass. After measurements, all bluegill were housed in the SEMO wildlife ecology laboratory in compliance with the university IACUC. Two zooplankton subsamples were taken at opposite ends of each tank equalling approximately 100 mL. Each subsample was filtered through sieves (50 and 125 lm) and preserved in vials containing ethanol for counting in the laboratory. Using a compound light microscope, subsamples of zooplankton equalling approximately 10 mL of ethanol-zooplankton solution were analysed and number of zooplankton per subsample was recorded. No other invertebrates were found in the experiment.
Zooplankton abundance and the proportion of bluegill surviving were ln-transformed to measure instantaneous per capita mortality rates (Davenport & Chalcraft 2012 . This approach assumes that neither reproduction nor migration occurs and that the number of zooplankton and bluegill present declines in an exponential manner: all of which are reasonable assumptions in our study. Bluegill performance was measured as the change in mass (final-initial) throughout the experiment. Mass data were log-transformed for statistical analyses. We analysed the effects of predator community on zooplankton abundance by ANOVA. In order to evaluate the effects of bladderwort on bluegill survival and growth, we also analysed data by ANOVA. A block term was initially included in the model, but was excluded when it did not explain variation in the data (>0Á400). Post hoc contrasts with Ryan-Welsch Test were used to detect differences among treatments means and reduce type I error rates. All statistical analyses were conducted with SAS 9.0 software.
Results
Zooplankton abundance ranged from 0Á75 individuals mL À1 to 8Á5 individuals mL À1 across the four treatments ( Fig. 1) . Abundance was 89 and 2Á79 greater in controls in comparison to treatments with bluegill/functional bladderworts and bluegill-only treatments respectively. Overall, there were statistically significant differences in zooplankton abundance across treatments (F 3,15 = 4Á02, P = 0Á034; Fig. 1 ). Post hoc contrasts indicate significant differences between the following treatments: bluegill/functional bladderwort vs. bluegill/crushed bladderwort (P = 0Á014), bluegill/functional bladderwort vs. zooplankton control and bluegill-only vs. bluegill/functional bladderwort (P = 0Á051). All other contrasts were not significant (P > 0Á324). Bluegill survival did not differ among treatments (F 2,9 = 0Á73, P = 0Á510) with a mean survival of 58% across all treatments. Change in bluegill mass was greatest in treatments with crushed bladderwort with a mean increase of 0Á93 g (F 2,8 = 4Á42, P = 0Á051; Fig. 2 ). Although there was a small increase in mass with functional bladderwort, the bluegill-only and bluegill with functional bladderwort treatments did not statistically differ from one another (Fig. 2 ).
Discussion
Our study is the first to report the complex interactions between a carnivorous plant and a fish. Fish performance (as measured by change in mass) increased in the presence of crushed bladderwort (Fig. 2) . This indicates that bluegill experienced a better environment for individual growth with crushed bladderwort relative to fish-only environments. This is unexpected; however, past research has shown that the primary mode of intraspecific competition is by interference Magnuson, Crowder & Medvick 1979) . Aggressive bluegill are more likely to have larger territories and increased access to better foraging habitats (Mittelbach 1988) . Therefore, it is likely that the increase in habitat complexity facilitated growth via reducing encounter rates between individuals. The lack of statistical differences between the bluegill-only and functional bladderwort treatments does not directly support our original hypothesis of inter-Kingdom competition. This is interesting, because those two treatments had the lowest abundances of prey which is indicative of resource limitation (Fig. 1) . However, the lack of statistical differences does show that the facilitating effect of bladderwort observed by adding habitat complexity is diminished when functional traps are present. Consequently, the low final zooplankton abundances coupled with the reduction in performance in controls relative to functional bladderwort treatments suggests that resource limitation can occur for bluegill with functional bladderwort present. The facilitating effect of crushed bladderwort on bluegill performance suggests a delicate balance among reductions in foraging efficiency (i.e. higher prey survival), fewer encounters with conspecifics, and higher energetic penalties for active foraging that can carry-over across life stages (Werner 1974) . For example, environments where changes in bluegill mass can signal trade-offs for recruitment as populations experience juvenile bottleneck, lower survival and future reproduction (Brenden & Murphy 2004) . First, individuals with reduced growth rates will spend more time at vulnerable size classes and increase the already expensive time to reach reproductive maturity. Second, overwinter survival in fish is size dependent with smaller individuals suffering higher mortality across seasons (Gutreuter & Anderson 1985) . Third, body size of a fish is directly related to reproductive fitness (Bagenal 1978) . For example, smaller females will take longer to mature and are more likely to lay fewer eggs in a given year (Aday, Wahl & Philipp 2003) . Alternatively, the costs for smaller males may not be as detrimental because they can deploy alternative mating tactics (e.g. parental, sneaker or satellite) to minimize negative effects (Gross & Charnov 1980; Neff, Fu & Gross 2003) . Therefore, the implications for social structures and future fitness may vary based on the sex of an individual.
Many animals are relatively vagile, relative to plants and have the ability to move from resource-limited areas to more resource-rich areas. Past studies have demonstrated that bluegill are flexible in habitat use and will shift habitat ontogenetically based on predation and competition with other fish (Werner & Hall 1976; . While our mesocosms did not allow for shifts in habitat use, limited field data suggest that fewer bluegill are found in littoral habitats where bladderwort occurs (J. M. Davenport and A. W. Riley, unpublished data) . This would support the hypothesis that bluegill in natural wetlands will select for less dense bladderwort habitats to prevent competitive interactions. Our experimental data demonstrate that interactions are likely more complex than our limited field data and may vary largely based on the status of bladderwort individuals (e.g. functional or non-functional). Smaller bluegill, such as in our experiment, are known to primarily use littoral habitats that are structurally complex in lakes and wetlands to avoid consumption by larger piscivorous fish (Werner et al. 1983) . Hence, the presence of bladderwort may present smaller bluegill with a conundrum: stay in the littoral zone with more habitat complexity and interact with bladderwort or forage in the pelagic zones and risk predation by larger fish. In contrast, bladderwort are not capable of moving and could be negatively affected by bluegill presence. No data are currently available on bladderwort responses to animal competitors.
The shared prey in our system, zooplankton, may benefit indirectly by bladderwort presence (Fig. 1) . This facilitating effect of bladderwort has been previously documented by others where prey density increased with crushed bladders relative to zooplankton controls with no bladderwort (Harms 2002) . Previous researchers hypothesized that the mechanism for facilitation was increased resting space for certain zooplankton species as well as enhanced periphyton growth on bladderwort shoots (Harms 2002) . It is unlikely that periphyton growth on bladderwort shoots was enhanced in our experiment because of the short duration. In our experiment, zooplankton abundances were greatest in no predator controls and crushed bladderwort treatments with fish (Fig. 1) . The higher abundances in both of these treatments may indicate one of two mechanisms. First, the survival of zooplankton was greater in comparison to the other two treatments because of lower encounter rates with fish predators. Second, the increase in habitat without the increase in predation risk led to higher reproduction and recruitment in those same two treatments. Prior research has revealed that zooplankton can alter life histories in response to fish by maturing earlier and manipulating reproductive output (Lampert 1993; Reede 1995; Sakwinska 2002 ). There was enough time for reproduction to occur over the 29 days of our experiment and the presence of reproductively mature Daphnia confirmed the possibility. However, we have no way to know how much reproduction occurred throughout the experiment. Nonetheless the lower abundance patterns of our experiment demonstrate that bluegill and functional bladderworts are effective predators of zooplankton. Bluegill are generalist predators that actively search for prey items ) with feeding rates that are maximized at intermediate levels of habitat structure (Crowder & Cooper 1982; Gotceitas & Colgan 1989) . Although bladderwort can provide some facilitation in reducing bluegill foraging efficiency via increasing habitat complexity, the lowest abundances observed in our experiment suggest that the highest predation risk is a combination of highly efficient bladderworts with bluegill. Thus, some zooplankton may persist and experience a partial benefit by inhabiting the bladderwort zones of lakes and wetlands, especially when bladders are full.
To our knowledge, this is one of the first studies to experimentally demonstrate the complex interactions (facilitation and potential competition) between a carnivorous plant and a vertebrate. Bladderworts in the genus Utricularia are globally distributed and these inter-Kingdom interactions may be more common than originally considered. This interaction is especially true of N-poor freshwater ecosystems where bladderworts are adapted to consuming zooplankton, in tandem with photosynthesis, for energetic demands (Heslop-Harrison 1978; Juniper, Robins & Joel 1989) . This dual capacity gives bladderwort a potentially superior advantage over animals in the same N-poor environments. Indeed, the distribution of some animal species may be due to similar unforeseen interactions that have been overlooked in the past. The consideration of these potential interactions will open up a whole new dimension for future ecologists to consider. Plants may not be the innocent bystanders that they appear to be when determining the distribution and abundance of animals and may actually be actively promoting or excluding animals from some ecosystems via facilitation or competition.
